We demonstrate read-write-read-erase cyclical mechanical-memory properties of all-thin-film multiferroic heterostructured cantilevers when a high voltage is applied on the PbðZr 0:52 Ti 0:48 ÞO 3 piezo-film. The device state switching process occurs due to the presence of a hysteresis loop in the piezo-film frequency response. The reference frequency at which the strain-mediated Fe 0:7 Ga 0:3 based multiferroic device switches can also be tuned by applying a DC magnetic field bias that contributes to increase of the cantilever effective stiffness. The switching dynamics is mapped in the phase space of the device measured transfer function characteristic for such high piezo-film voltage excitation, providing additional information on the dynamical stability of the devices. Fig. 1(a) ) as miniaturized magnetically driven platforms for magnetic field sensors as well as for efficient magnetic energy harvesters. In such devices, the enhancement of the ME response occurs when the modulation frequency of the external AC magnetic field coincides with the mechanical first-order flexural eigenmode of the cantilevers. Thin-film multilayers also allow engineering of the interface state to optimize coupling at the multiferroic bilayers, thus minimizing interfacial damping. In addition, eddy currents are effectively eliminated in such cantilever devices due to the reduced thickness of the magnetostrictive film. These are important ingredients 4-6 for attaining a high Q-factor (% 2000 in vacuum, magnetically driven mode 2 ) in free-standing ME cantilevers which in turn provides enhanced response at resonance.
1 ME (magneto-electric) devices consisting of piezoelectric/magnetostrictive ðPbðZr 0:52 Ti 0:48 ÞO 3 ðPZTÞ=Fe 0:7 Ga 0:3 Þ heterostructures on Si-micromachined cantilevers 2, 3 ( Fig. 1(a) ) as miniaturized magnetically driven platforms for magnetic field sensors as well as for efficient magnetic energy harvesters. In such devices, the enhancement of the ME response occurs when the modulation frequency of the external AC magnetic field coincides with the mechanical first-order flexural eigenmode of the cantilevers. Thin-film multilayers also allow engineering of the interface state to optimize coupling at the multiferroic bilayers, thus minimizing interfacial damping. In addition, eddy currents are effectively eliminated in such cantilever devices due to the reduced thickness of the magnetostrictive film. These are important ingredients [4] [5] [6] for attaining a high Q-factor (% 2000 in vacuum, magnetically driven mode 2 ) in free-standing ME cantilevers which in turn provides enhanced response at resonance.
Here, we show that efficient coupling between the electric, magnetic, and mechanical degrees of freedom in multiferroic heterostructured sensors/actuators and their strongly nonlinear driving regimes can lead to hysteretic switching of the sensor or actuator response between two states dictated by device parameters. Thus, the dynamics of multiferroic cantilever devices can be utilized for switching their magnetic 7 or spectral 8 response. The basic operations of the multiferroic devices are (1) ME transduction of magnetostrictive response due to the AC magnetic field via detection of piezosignals (magnetically driven mode 2 ); and (2) detection of response due to AC piezo-electric excitation voltage (voltagedriven mode).
In the magnetically driven mode, 2 the acquired signal is the device ME voltage when the applied AC magnetic field is fixed. In the voltage-driven mode ( Fig. 1(b) ), the acquired signal is the current flowing in the circuit, which includes the device implemented in a "current bridge" with a current transformer. In the piezo-voltage-driven mode, no AC magnetic field is applied. By "device signal," we consider the current flowing through the "current bridge" circuit ( Fig.  1(b) ) when C V ¼ C S . The signal contribution of stray capacitance is reduced, and the current signal recorded by the lockin amplifier is also minimized. Thus, the measured signal includes the contribution only from the device itself and excludes any spurious signals from peripheral sources.
Sweeping the applied DC magnetic field bias, H DC , in both directions shows 2, 9 that the device flexural resonant frequency, f R ¼ f R ðH DC Þ, displays hysteretic ("butterfly" curve) behavior. The response of the multiferroic cantilevers to the H DC sweep is complex, involving a strong shift of the resonant frequency, f R . Also, when H DC ¼ 0, the device resonates at the natural flexural mode, f R ¼ f R0 , and the device signal 2 is not null, behavior that is not observed in the frequencyindependent "butterfly" response specific to bulk ME materials/devices.
In the voltage-driven mode, when the ME device is weakly driven by an external piezo-voltage signal, the model of a harmonic oscillator with an external drive and weak near-resonant driving damping can be applied to explain the Lorentzian shape of resonant peaks (Fig. 2 , the 50 mV-actuation curve). Upon increasing the actuation voltage, anharmonicity begins to set-in in the oscillator, 8 broadening the peak shape that eventually becomes a distorted non-Lorentzian one. Moreover, a blue-shift of the resonant peak occurs when the frequency range is increasingly swept, leading to a "hard-spring" non-Hookean behavior (Fig. 2) .
A dynamical model for our nonlinear multiferroic cantilever can be established based on the Duffing equation of an excited oscillator with negligible feedback on the external energy source. 10 The Duffing oscillator 10 has both the harmonic restoring force, k 0 x, and the cubic nonlinearity, nx 3 , where x is the cantilever deflection, k 0 is the harmonic spring constant, and n is a coefficient. From dynamics standpoint, when n > 0, the cubic nonlinearity is the cause of the spring constant "hardening" process and the non-Lorentzian blueshifting (with respect to f R0 $ ffiffiffiffi ffi k 0 p ) of a single frequencyresponse curve seen 8, 10 in Fig. 2 . Thus, the Duffing cantilever can be interpreted as a forced oscillator with an effective spring constant (k ef f ¼ k eff ;L þ k eff ;NL , where the subscripts stand for linear ðLÞ and nonlinear ðNLÞ). The jumping (or the "fold catastrophe") phenomenon of the frequency response taking place once the cubic nonlinearity has high dynamical contribution is also the cause of our device displaying multivalued signal amplitude hysteresis. 10 To study the effect of H DC on the behavior of a multiferroic device when a high actuation voltage is applied (on the cantilever electrodes), we generate the plots in Fig. 3 (in the voltage-driven mode). For a fixed H DC and when the direction of the frequency sweep is reversed, a different dynamics takes place. When the driving frequency (which is the PZT-film loading rate) is swept in the both directions, both the frequency dependence of the hysteretic PZT-film strain-electric field response and the high-voltage actuation lead to a magnitude-dependent (Fig. 2 ) nonlinear frequency response of the cantilever first flexural mode (by hardening or, sweep direction dependently, softening the device stiffness, k ef f , through k eff ;NL ). When increasing H DC , the position of the hysteresis of the device spectral response blue-shifts. Thus, H DC induces more stress into the magnetostrictive layer that is transferred to the piezoelectric film which in turn leads to the change of k ef f but mainly through k eff ;L .
In order to study the dynamic state switching behavior of the multiferroic cantilever, a time series of the current magnitude of device response is recorded for a certain device driving frequency, f drive ðtÞ. The actuation frequency, f drive ðtÞ, consists of a fixed (reference) drive frequency, f ref , overlapped with a time series of fast regular frequency changes with peak values of Df ¼ f À f ref , where f is chosen arbitrarily on the device spectral response (in the non-hysteretic case, Fig. 4(a) ) or outside the projected hysteresis (in the nonlinear case, Fig. 4(b) ). The reference frequency, f ref , is usually chosen not to match the resonant frequency, f R , of the linear device for the corresponding H DC . The multiferroic device is, thus, driven by a piezo-voltage of V 0 cosð2pf drive ðtÞt þ uÞ, with f drive given by the expression
where V 0 is the drive voltage amplitude, uðtÞ is the rectangular function, k is an integer, and T is 1 s for the data acquisition interval. The frequency, f drive ðtÞ, described by Eq. In the device linear regime with a low piezo-voltage excitation (Fig. 4(a) T ¼ 1 s) is applied on the reference actuation signal. The multiferroic device proceeds from a dynamic stable state 1 to another stable state 2 through the metastable device states 3 and 4, but there is no state switching feature in the device dynamics (the arrows in Fig. 4(a) indicate the directions of the device frequency jumps among different states) due to the lack of a spectral hysteresis. In the linear case, the defined "high" and "low" stable states 1 and 2 coincide at the given reference frequency (Fig. 4(c) ).
Reversing the frequency sweep direction leads to hysteretic multiferroic device behavior in the high piezovoltage-driven mode (Fig. 4(b) ). This time the chosen device reference frequency is f ref ¼ 3687 Hz, which is shifted with respect to f ref chosen in the linear case, due to the device spring constant hardening. The variation of the multiferroic cantilever k eff ;NL -spring constant results in the resonant peak shifting and hysteretic bistability. 8 As in the linear case, the frequency pulses have the same peak values of Df ¼ 5 Hz and the same duration, T ¼ 1 s. Starting from a stable "high" device signal level (device upstate 1), a switching process to another stable "low" state (device state 2) is possible by applying a narrow 5 Hz-peak frequency pulse. The device is temporarily in a metastable state (device state 3) and then settles on the stable downstate 2. Applying a reverse frequency pulse (with the same peak value, Df ¼ 5 Hz, and with the same width of 1s) to f ref , the device proceeds back on the initial stable state (device upstate 1) though an intermediate (temporary) metastable state (device state 4). The frequency switch causes latching in one of two possible configurations: upstate 1 and downstate 2 (Figs. 4(b) and 4(d) ). Thus, an implementation of a memory bit can be achieved by setting or resetting the logic bit with frequency pulses. The way to achieve the stable states is shown with arrows in Fig. 4(b) . The state positions are indicated in the time series of both the ME device response and f drive (Fig. 4(d) ). An equivalent way to describe the switching experiment of our multiferroic device is as a bit logic memory process of "readð1Þ-writeð3Þ-readð2Þ-eraseð4Þ" induced by the applied piezo-voltage, V 0 cos 2pf drive ðtÞt þ u . The reference frequency, f ref , at which the logic memory process is implemented in the multiferroic device (Figs. 4(b) and 4(d) ) can be tuned by changing the spectral hysteresis position using the applied H DC (Fig. 3) .
A common way to analyze the characteristics of a nonlinear oscillator is plotting its dynamics in a "phase space" (Fig. 5) . For our multiferroic cantilever devices, one way to represent a phase space is to plot the acquired signal, S ¼ Sðf drive Þ, with respect to its derivative, dS=df drive   FIG. 3 . Mapping the bistable multiferroic device when high amplitude actuation voltage ð1 VÞ is applied for (a) increasing frequency sweep and (b) decreasing frequency sweep. In both cases, H DC is also swept from À125 Oe to 125 Oe. For each H DC , the frequency is swept in both directions. The frequency sweep cycle results in the device hysteretic behavior within the high voltage-driven regime and in the presence of H DC . The measured device (that is different from the one used to generate the plot in Fig. 2 ) has f R0 ffi 3681 Hz. The discontinuity regions present in the plots are due to the magnetization switching. The linear dependence f R ¼ f R ðH DC Þ can be explained as a result of the interplay of Zeeman and anisotropy energies (Refs. 2 and 9). 
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Onuta et al. Appl. Phys. Lett. 101, 043506 (2012) (Fig. 5) . The significance of Sðf drive Þ is the measured device transfer function. The device hysteretic behavior can be studied by analyzing the phase space topology for different driving modes dictated by the direction of the frequency sweep. The transfer function "phase space" representation is particularly instrumental in understanding the stability of device dynamics in different device circuit configurations. In the nonlinear case with high piezo-film excitation ( Fig. 5(a) ), the phase space trajectories have a broken symmetry, indicative of a "jump" dynamics (specific to a saddle-node bifurcation) and can be characterized by different "homoclinics" with cusps. When the multiferroic device dynamics is linear (Fig.  5(b) ), the phase space trajectories are both symmetrical (overlapped) manifolds with cusps. In both linear and nonlinear modes, the phase space manifolds change their positions with the applied H DC . Our cantilever response in switching processes shows threefold possibilities to tune the position of the spectral hysteresis and the reference frequency, f ref , at which the switch can be induced: changing the actuation piezo-film voltage (Figs. 4 and 5) , varying H DC (and, implicitly, the device linear k eff ;L -spring constant 11 ), (Fig. 3) and engineering the device geometrical parameters (Fig. 1) . Changing the excitation voltage magnitude will not preserve the position of the device switching states due to the fact that both shape and area of the response hysteresis change (Fig. 2) . The multiferroic cantilever system presents an advantage over the other types of mechanical memory switches such as the frequency at which the switch works can be tuned by H DC , and the switching positions can be held at the same signal values on a relatively large spectral spanwise response (Fig. 6) .
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